A larger number of species belonging to the species complex of Bactrocera dorsalis (Hendel) and other closely related species exist in Southeast Asia. Morphologically, these species are extremely similar and it has been difficult to distinguish among species, especially within the complex (White and Elson-Harris, 1992) . Although Drew and Hancock (1994) described 52 species (including 40 new species) in this complex in Asia, considerable difficulty still exists in differentiating among 5 species that are of great importance economically. These are B. philippinensis Drew and Hancock and B. occipitalis (Bezzi) in the Philippines, B. carambolae Drew and Hancock and B. papayae Drew and Hancock in the Malay Peninsula and Indonesia, and B. dorsalis. Taxonomic characters for distinguishing these species (Drew and Hancock, 1994) primarily involve the pattern of the black band on the abdomen. However, these characters are polymorphic and a range of intermediate forms segregate within a species. Based on aedeagal length, Iwaizumi et al. (1997) developed a method to distinguish 2 sets of sympatric species, B. occipitalis/B. philippinensis and B. carambolae/ B. papayae. However, the flies they analyzed had been reared artificially in the laboratory and only a few specimens (nϭ5) were used for each species. Iwahashi (1999a) measured the lengths of aedeagi from a large sample of B. philippinensis and B. occipitalis caught on Guimaras Island, the Philippines and found that all males with aedeagal lengths (without distiphallus) of Ͻ2.81 mm were B. 
INTRODUCTION
A larger number of species belonging to the species complex of Bactrocera dorsalis (Hendel) and other closely related species exist in Southeast Asia. Morphologically, these species are extremely similar and it has been difficult to distinguish among species, especially within the complex (White and Elson-Harris, 1992) . Although Drew and Hancock (1994) described 52 species (including 40 new species) in this complex in Asia, considerable difficulty still exists in differentiating among 5 species that are of great importance economically. These are B. philippinensis Drew and Hancock and B. occipitalis (Bezzi) in the Philippines, B. carambolae Drew and Hancock and B. papayae Drew and Hancock in the Malay Peninsula and Indonesia, and B. dorsalis. Taxonomic characters for distinguishing these species (Drew and Hancock, 1994) primarily involve the pattern of the black band on the abdomen. However, these characters are polymorphic and a range of intermediate forms segregate within a species. Based on aedeagal length, Iwaizumi et al. (1997) developed a method to distinguish 2 sets of sympatric species, B. occipitalis/B. philippinensis and B. carambolae/ B. papayae. However, the flies they analyzed had been reared artificially in the laboratory and only a few specimens (nϭ5) were used for each species. Iwahashi (1999a) measured the lengths of aedeagi from a large sample of B. philippinensis and B. occipitalis caught on Guimaras Island, the Philippines and found that all males with aedeagal lengths (without distiphallus) of Ͻ2.81 mm were B.
occipitalis, and those of Ͼ2.89 mm were B. philippinensis. Iwahashi (1999b) also measured the lengths of the aedeagi of another set of sympatric species, B. papayae and B. carambolae, in Singapore. Although aedeagal length did not segregate into 2 separate groups when it was plotted against body size, males could nevertheless be divided into 2 distinct groups. Examining the relationship between aedeagal length and other morphological traits, he determined that aedeagal length in combination with wing types (1 to 4), based on costal markings at the apex, is the most reliable trait for distinguishing species. Thus, he concluded that flies having a longer aedeagus together with wing type 1 or 2 (narrow marking) were B. papayae and those having a shorter aedeagus together with wing type 3 or 4 (broad marking) were B. carambolae. These results clearly showed that the sympatric species were segregated from each other by aedeagal length and body size.
B. dorsalis is sympatrically distributed with B. correcta (Bezzi) in Thailand (White and Hancock, 1997) . The two species are important agricultural pests with significant impact on the economy of the regions they inhabit. Thus, a sterile insect technique has been implemented to mitigate the economic impact of these species in Thailand (Sutantawong, 1991; Iwahashi, 2000a; Keawchoung et al., 2000) . Recently, Iwahashi (2000a) found that the two species cross mate under laboratory conditions. Although, B. correcta does not belong to the B. dorsalis complex but the B. zonata complex, it would be interesting if these sympatric species could also be separated based on aedeagal length. Thus fruit flies were collected with methyl eugenol traps in Thailand and the aedeagal lengths of B. dorsalis were measured and compared to the aedeagal lengths of the sympatric species of B. dorsalis.
In the Malay Peninsula, B. dorsalis is parapatrically distributed with B. papayae and B. carambolae. However, the relationship between B. dorsalis and B. papayae/B. carambolae with respect to aedeagal length is unknown. Thus the aedeagal length of B. dorsalis was compared with those of B. papayae/B. carambolae and potential factors that affect aedeagal length are discussed.
MATERIALS AND METHODS
More than 600 male fruit flies were collected from 7 localities in Thailand (Chiang Rai, Chiang Mai, Pichit, Bangkok, Pak Chong, Pataya and Pran Buri) from 1997 to 2000. All flies were collected with methyl eugenol traps and kept in 99% ethyl alcohol until measured. Lengths of aedeagi without the distiphallus (P 1 , hereafter) were measured on a microscope slide using techniques described in Iwaizumi et al. (1997) . To compare the aedeagal length including the distiphallus (P 2 , hereafter) of the species in the CABIKEY (Computer Aided Biological Identification Key) (White and Hancock, 1997) with results of the present study, P 1 was transformed into P 2 using the correlation between P 1 and P 2 in Bactrocera species (P 2 ϭ1.096P 1 ϩ 0. 135, rϭ0.993, pϽ Ͻ0.0001, nϭ184, Iwahashi unpublished data) . The length of wing cell dm along with vein CuA 1 was used as an index of body size. Wing lengths (from base to the tip) were also measured to compare the body size of the CABIKEY species. Based on costal markings of the wing, males were categorized into 2 types, D (discontinuous and spot-like) and C (continuous) (Fig. 1) . In addition to the categorization of the four C-type wings (types 1-4 in Iwahashi, 1999b) , a wing with a very narrow continuous costal marking was referred to as wing type 0 (Fig. 1 , Ctype/0). Because the sterile insect release technique had been implemented in Pak Chong (Sutantawong, 1991; Keawchoung et al., 2000) , flies collected there were considered to include massreared sterile B. dorsalis, which have C-type wings. Thus, only males with D-type wings were used. Also flies with the C-type wings in Pran Buri (northern part of the Malay Peninsula) were not used, because the southern limit of B. dorsalis in the Malay Peninsula is unclear (White and Hancock, 1997) . Consequently, only males with D-type wings were used for flies in Pak Chong and Pran Buri, and a total of 340 flies were analyzed. The samples collected by Iwahashi (1999b) were used to compare the aedeagal length of B. dorsalis with those of the parapatric species, B. carambolae and B. papayae.
Males of most Bactrocera spp. have what is known as the pecten, a row of postero-lateral setae found on tergite 3 of the abdomen. In these species, the pecten is essential for the dispersal of sex pheromone (Kuba and Sokei, 1988) . The number of setae on the pecten may also affect the calling sound (H. Kuba, personal communication), although the sound may be no more than a by-product of the vibration (I. A. White, personal communication) . Thus, the number of pecten setae including empty sockets was also recorded. Species were identified using the CABIKEY. Results of measurements were compared with those of the CABIKEY when possible. The aedeagal length and number of pecten setae of different species were examined by Scheffé's test after conducting ANOVA. The difference in elevations and slopes of the log-log regressions of aedeagal length against body size among B. dorsalis, B. papayae and B. carambolae were examined by ANCOVA and Tukey-like test (Zar, 1999) . Figure 2 shows the frequency distribution of aedeagal lengths of 340 flies. There are 3 separate aedeagal groups: a shorter aedeagal (S) group, a longer aedeagal (L) group, and a very long aedeagal (LL) group. These results appear to indicate that there may be at least 3 species among the specimens, although the LL group includes only 1 male. The aedeagal length of the S group ranged from 1.80 to 2.29 mm (2.072Ϯ0.082 mm, meanϮ SD, nϭ104), and that of the L group 2.38 to 2.96 mm (2.719Ϯ0.117 mm, nϭ235). The aedeagal length of the single male of the LL group was 4.13 mm. This is more than 2 times longer than the mean aedeagal length of the S group and 1.5 times longer than that of the L group.
RESULTS AND DISCUSSION

Aedeagal length of B. dorsalis and B. correcta
When aedeagal length was plotted against the body size measured as wing cell dm, a positive correlation was obtained for the L group (rϭ0.773, pϽ0.0001) and the S group (rϭ0.520, pϽ0.0001) (Fig. 3) . Because aedeagal length is closely related to wing type (Iwahashi, 1999a, b) , Fig. 3 was redrawn in terms of the wing type, including the LL male (Fig. 4 ). The figure clearly shows that 7 males (Nos. 1-7) of the C-type (top) and 3 males (Nos. 8-10) of the D-type (bottom) are isolated from other males. The figure also shows Male 10 has an extraordinarily long aedeagus as compared with its body size. Based on these traits, males can be categorized into 5 groups. Most males either belonged to the group with a longer aedeagus and C-type wing (LC) (nϭ233) or the group with a shorter aedeagus and D-type wing (SD) (nϭ97). Seven males (Nos. 1-7) belonged to the group with a shorter aedeagus and C-type wing (SC) and 2 males (Nos. 8 and 9) the group with a longer aedeagus and D-type wing (LD). Only one male (No. 10) had a very long aedeagus with the D-type wing (LLD). At first glance, these results indicate that at least 5 species were included in the specimens.
Using the CABIKEY, the LC group was determined to be B. dorsalis. Because flies were collected from 5 localities in Thailand and a total of 233 males belonging to the LC group (T-B.d., hereafter) were examined, the T-B.d. can be considered as a representative of B. dorsalis in Thailand. The P 1 (aedeagal length without the distiphallus) ranged from 2.38-2.96 mm. To compare P 1 of the T-B.d. with the P 2 (aedeagal length with the distiphallus) of the CABIKEY B. dorsalis (C-B.d., hereafter), the P 1 was transformed into the P 2 , and a P 2 range of 2.73-3.43 mm was obtained for T-B.d. This is almost same as the range of 2.8-3.5 mm of the C-B.d.
The aedeagal length of the 2 groups could not be compared, because no dada on statistical analysis such as mean, SD and sample size of P 2 and body size in the CABIKEY. White and Hancock (1997) used the percent of males with a P 2 of Ͼ3.1 mm as an index of aedeagal length of a species of the B. dorsalis complex. Therefore the percent of males with a P 2 of Ͼ3.1 mm was used as an index of a species for comparison with the B. dorsalis complex. The percent was 52.3% in the T-B.d. males, but only 27% in the C-B.d. males, indicating that the T-B.d. is composed of more males with a longer aedeagus than C-B.d. The ranges of wing length (from base to tip) were 4.41-6.65 mm in the T-B.d. and 5.42-6.29 mm in the C-B.d. The difference in the maximal lengths of the 2 groups is only 0.36 mm, whereas the difference in the minimal ones is more than 1 mm, indicating that T-B.d. is composed of smaller males than C-B.d. Thus the ratio of P 2 to dm ranged from 1.36 to 1.91 in the T-B.d. and from 1.5 to 1.7 in the C-B.d. According to the CABIKEY, the percent of males with a P 2 /dm length ratio of Ͼ1.55 is only 5% in C-B.d., whereas it was 20% in the T-B.d. (Fig. 5, top, B. dorsalis differs among geographical populations (Iwahashi, 2000b) .
The SD group was similarly determined to be B. correcta (T-B.c., hereafter). The aedeagal lengths of these males ranged from 1.80 to 2.19 mm. Although no data on the aedeagal length of B. correcta has been reported, it is possible to estimate a range of P 1 of the CABIKEY B. correcta (C-B.c.) using the range of aculeus length (1.0-1.2 mm) of C-B.c. The aedeagal length (Y) is positively correlated with the aculeus length (X) in 9 Bactrocera species (Yϭ1.223Ϯ0. 873X, rϭ0.97, pϽ0.05, calculated from Iwaizumi et al., 1997) . Thus, a range of 2.06-2.17 mm in aedeagal length was obtained for C-B.c. This fell into the range found for T-B.c. The wing length of T-B.c. ranged from 4.18 to 4.64 mm, whereas that of C-B.c. ranged from 5.2 to 6.1 mm. Thus, the ranges of aedeagal length and body size of the Thailand populations of B.correcta were larger than those of C-B.c. Males of T-B.c. with a P 2 /dm length ratio of Ͼ1.55 were less than 5% (4/97, Fig. 5, middle) .
The SC group resembles B. dorsalis (I. M. White, personal communication). It is remarkable that all males of this group had a very narrow costal marking (wing type 0, Fig. 1, middle) , whereas most males of the LC group had wing types 1 or 2 (Fig.  1, left) . A very low rate of males of the LC group had wing type 0 (3.4%, nϭ233). The difference in the rate of males with wing type 0 between the LC (B. dorsalis) and SC groups was significant (c 2 ϭ 108.6, pϽ0.0001). No SC males showed a P 2 /dm length ratio of Ͼ1.55 (Fig. 5, bottom) . Based on these data, species of the SC group can not be determined by the CABIKEY. Males of the LD group (Nos. 8 and 9 in Fig. 4) resembles B. zonata (Saunders) but they differed from the CABIKEY B. zonata in possessing a very small spot-like marking at the apex of the wing and somewhat transverse facial spots. The single male of the LLD group (No. 10) resembled B. tuberculata (Bezzi) in possessing a totally black abdomen. However, species of the LD and LLD groups also could not be determined. Because of the very small sample size, the LD and LLD groups were excluded from analysis and only 3 groups were compared.
The aedeagal lengths differed significantly among the 3 groups (ANCOVA, Fϭ307.02, pϽ 0.0001), i.e., 2.727Ϯ0.111 mm for the LC group, 2.201Ϯ0.065 mm for the SC group and 2.063Ϯ 0.075 mm for the SD group. The differences were significant in all 3 combinations (Scheffé's test, pϽ0.0001). Thus log-log regressions of aedeagal length (Y) against body size (X) differed significantly among the 3 groups in slope (ANCOVA, Fϭ5.54, pϭ0.0043) and elevation (ANCOVA, Fϭ 1252.61, pϽ Ͻ0.0001): LC (Yϭ0.365Xϩ0.319, rϭ 0.769, tϭ8.37, pϽ Ͻ0.0001), SC (Yϭ0.323Xϩ 0. 259, rϭ0.925, tϭ5.44, pϭ0.0001) , and SD (Yϭ 0.226Xϩ0.258, rϭ0.497, tϭ5.56, pϽ0.0001 ). The differences in slopes were significant in all 3 combinations (Tukey like test, LCϾSD, qϭ35.33; LCϾSC, qϭ3.36; SCϾSD, qϭ7.58) .
The number of pecten setae also differed significantly among the 3 groups (ANOVA, Fϭ78.228, pϽ0.0001). The number of pecten setae of B. correcta (39.1Ϯ3.4) was significantly smaller than that of B. dorsalis (53.3Ϯ6.9) (Scheffé's test, pϽ 0.0001), but significantly larger than that of the SC group (33.6Ϯ2.8) (Scheffé's test, pϭ0.045). These results show a potential for diagnostic use of the number of pecten setae. The number of pecten setae is considered to be a factor of body size. However, the correlation between number of pecten setae and body size (Fig. 6) was not significant in B. correcta (line B and cross marks, rϭ 0.157, pϭ0.3822), whereas it was significant in B. dorsalis (line A and light circles, rϭ0.689, pϽ 0.0001) and the SC group (line C and dark circles, rϭ0.915, pϽ0.0039) . Although the species of the SC group could not be determined, it is doubtless that this group belongs to the B. dorsalis complex. The number of pecten setae of B. zonata in Egypt is also not strongly influenced by body size (calculated by data of Iwahashi and Routhier (2001) ). Thus, difference in the regression slope between B. correcta (line B) and B. dorsalis (line A)/SC group (line C) might reflect different roles for pecten setae in mating behavior between the two species complexes, B. zonata and B. dorsalis. A similar result was obtained in the correlation between number of pecten setae and aedeagal length (Fig. 7) , where the correlation was not significant in B. correcta (line B and cross marks, rϭ0.314, pϭ0.075) , but significant in B. dorsalis (line A and light circles, rϭ0.535, pϽ0.0016 ) and the SC group (line C and dark circles, rϭ0.917, pϭ0.0036).
The evolution of a longer and shorter aedeagus
On the Malay Peninsula, B. dorsalis is parapatric with B. papayae and B. carambolae (Drew and Hancock, 1994) . Therefore, it is interesting to examine the relationship among the 3 species based on the aedeagal lengths and body size. The body size did not differ among the 3 species (ANOVA, Fϭ2.08, pϭ0.1270) , whereas the aedeagal length differed significantly (ANOVA, Fϭ30.70, pϽ 0.0001). Figure 8 shows the double logarithmic regressions of aedeagal length and body size in the 3 species. The figure shows that B. dorsalis (cross marks) is distributed between B. papayae and B. carambolae, overlapping with a few B. papayae and most B. carambolae. The difference in slopes among the 3 species also was not significant Fϭ0.08, pϭ0.9217) , whereas difference in elevations was highly significant (ANCOVA, Fϭ614.22, pϽ Ͻ0.0001) ( Table 1) . Although the phylogenic relationship among B. dorsalis, B. papayae, and B. carambolae has not been fully understood, if a longer aedeagus and shorter aedeagus originated from an intermediate length of aedeagus, the question is, what ecological forces would explain the evolution of a longer and shorter aedeagus?
A male of Bactrocera species inserts his aedeagus into the terminalia of the female through the tip of the aculeus into the vaginal duct during cop- ulation. Thus, the length of the aedeagus is strongly correlated with the length of the ovipositor in 9 Bactrocera species (rϭ0.97, Iwaizumi et al., 1997) and 16 Bactrocera species (rϭ0.92, White, 2000) so that the male can achieve successful intromission and fertilization of the female's gametes. There may be a genetic correlation between length of ovipositor and that of aedeagus within a species. It is likely that a selective force works first on the length of the ovipositor and the length of aedeagus, in turn, would be determined through the genetic correlation. So we may be able to discuss the evolution of the aedeagal length of B. papayae and B. carambolae in terms of ovipositor length. A female, which has a longer ovipositor, can lay her eggs deeper within a fruit, which may decrease the possibility of her offspring being parasitized. However, such a female may take a longer period of time for oviposition, which may increase the possibility of the female being attacked by a predator such as a wasp (Hendrichs and Hendrichs, 1998) or a gecko (Tan and Nishida, 1998) during oviposition. Thus the possibility for a female, which has an intermediate length of ovipositor, to survive to reproduce the next generation may be low. In this case females with a longer ovipositor may prefer to mate with males of a longer aedeagus and females with a shorter ovipositor with males of a shorter one so that they avoid reproducing offspring which have an intermediate length of ovipositor or aedeagus. This may be possible if sexual selection occurs postcopulatory and females are able to "distinguish" among males with long versus short aedeagal length during copulation. Thus B. papayae would have evolved an anti-parasitoid mechanism, i.e., a longer ovipositor, whereas B. carambolae would have evolved an anti-predator mechanism, i.e., a shorter ovipositor. Iwahashi and Tati (unpublished data) collected carambola fruit (Averrhoa carambola L.) and mango fruit (Mangifera indica L.) on the island of Java, Indonesia. Most flies that emerged from the carambola fruit were B. carambolae, whereas those from mango were B. papayae. At least 16 species of parasitoids emerged, and more than 70% of the pupae from the carambola fruit (nϾ1,500) were parasitized by a Fopius parasitoid that had a very long ovipositor (4.63Ϯ0.17 mm, nϭ109). However, the parasitism by this parasitoid species was very low or negligible in pupae (nϾ500) from mango fruit. These results would support the hypothesis that parasitoid pressure is an important factor for the evolution of the longer ovipositor. In the Mediterranean fruit fly, Ceratitis capitata, most of the first instar larvae were found near the seed in most of the stone fruits (K. Y. Kaneshiro et al., unpublished observation), indicating that the first instar larvae may burrow down into the interior of the fruit almost immediately after hatching. Such a behavior, together with a long ovipositor, is adaptive for parasitoid avoidance.
In addition to a shorter ovipositor, it may be possible that a female of B. carambolae is less vulnerable to a predator than B. papayae. Iwahashi (1999b) categorized the abdomen of B. carambolae and B. papayae into 4 types: A, AЈ, BЈ, and B, and found that all B. carambolae had types A and AЈ. Flies with these types resemble a wasp in banding pattern of yellow-orange and black on the abdomen. Given that the A and AЈ types have evolved as a wasp-mimic, a female of B. carambolae may be able to decrease the possibility of being attacked by a predator during oviposition. Another factor is methyl eugenol (ME). It is well known that males of B. dorsalis complex are strongly attracted to feed on ME (Howlett, 1915; Steiner, 1952; Iwahashi et al., 1997) . Although the origin of ME feeding is unknown, it may be possible that ME feeding by a male decreases the possibility of the male being eaten by a predator (Iwahashi, 1998; Tan and Nishida, 1998 ). It may also be possible that a female which has mated with a ME fed male is also able to reduce the possibility of being attacked by a predator, because a male is believed to transfer the ME into a female during copulation (Y. I. Chu, unpublished data). Males of the B. dorsalis complex are strongly attracted to the spadix of Spathiphyllum cannaefolium, which contains an analog of ME (Lewis et al., 1988) . Iwahashi (unpublished data) collected fruit flies from the spadix of this plant on the island of Java by using a net. He found that most males (nϭ35) were B. carambolae, and only 2 males belonged to B. papayae, whereas 46 B. carambolae and 55 B. papayae were caught with methyl eugenol traps from the same site on the same day. The amount of ME in the trap was Ͼ1 ml, whereas it may be at ml levels in a spadix of the plant, indicating that males of B. carambolae are apt to respond to ME at a lower titer than B. papayae. Again it is possible that B. carambolae may be less vulnerable to a predator than B. papayae. All of these observations, i.e., a shorter ovipositor, a black and yellow-orange abdomen and ME feeding, may support the notion that B. carambolae has evolved an anti-predator mechanism. An alternative selection pressure, which influences the length of ovipositor, might be possible. That is, the thickness of the skin of the fruit through which a female inserts her ovipositor, may be a factor in determining ovipositor length. In this scenario, each species should tend to utilize different type of host species. This might be possible in some fruit fly species such as B. umbrosa (Fabricius) that infests bread fruit (Artocarpus altilis) and Jack fruit (A. heterophyllus) (Yukawa, 1984) , which are covered with very thick skin. Thus, females of this species may have evolved a long ovipositor and correspondingly, males have an extraordinarily long aedeagus (P 1 Ͼ4.5 mm, Iwahashi, unpublished data). However, there are many wellknown common host fruits with varying skin thickness among B. dorsalis, B. papayae and B. carambolae (White and Hancock, 1997) , although some kind of resource partitioning between B. papayae and B. carambolae is likely (White, 2000; R. Iwaizumi, unpublished data) . Furthermore, B. dorsalis frequently occur in infested fruits with B. correcta (Kapoor, 1989) . These results would suggest that the thickness of skin of the fruit is not so important for differentiation of the ovipositor length in the B. dorsalis complex.
